Background
==========

Interstitial pulmonary fibrosis (IPF), also known as interstitial lung disease (ILD), is a collection of diseases with diffuse exudation, infiltration and fibrosis \[[@b1-medscimonit-26-e919739]\]. Up to now, western treatments for IPF mainly include glucocorticoid immunosuppressant, anti-fibrosis drug, antacid drug, oxygen therapy, mechanical ventilation, pulmonary rehabilitation, and lung transplantation \[[@b2-medscimonit-26-e919739],[@b3-medscimonit-26-e919739]\]. The official guidelines of 2015 reported that pirfenidone and nintedanib were recommended for use under certain conditions, but their clinical application was limited due to unclear potential benefits, heavy economic burden and obvious adverse reactions \[[@b4-medscimonit-26-e919739]\]. Therefore, the treatment of IPF remains to be further studied.

The receptor-interacting protein (RIP) kinase family includes seven members, each of which having a homologous kinase domain and various functional domains \[[@b5-medscimonit-26-e919739]\]. Previous researches have showed that RIP kinase family is related to many biological processes, such as tumorigenesis \[[@b6-medscimonit-26-e919739]\], cell death \[[@b7-medscimonit-26-e919739]\], necrosis \[[@b8-medscimonit-26-e919739]\], and inflammation \[[@b9-medscimonit-26-e919739]\].

Receptor-interacting protein kinase-1 (RIPK1) is the first member of the RIP family, which functions in the transformation between apoptosis and necroptosis \[[@b10-medscimonit-26-e919739],[@b11-medscimonit-26-e919739]\]. Moreover, it plays an important regulatory role in signaling pathways between inflammatory response, apoptosis and necroptosis \[[@b12-medscimonit-26-e919739]\]. RIPK3 is a typical serine/threonine protein kinase that is activated by RIPKl to exert broad downstream effects \[[@b13-medscimonit-26-e919739]\]. Recent study has showed that the excessive necroptosis of alveolar epithelial cells is closely related to the development of pulmonary fibrosis, and receptor-interacting protein kinase-1 and -3 (RIPK1/3) can regulate the initiation of necroptosis. Therefore, it can be seen that RIPK1/3 are related to the pulmonary fibrosis \[[@b14-medscimonit-26-e919739]\]. Necrostatin-1 inhibits kinase activity and prevents the mutual phosphorylation of RIP1 and RIP3 by acting on the kinase parts of RIP1 and RIP3, thereby inhibiting the formation of RIP1-RIP3 complexes to restrain the occurrence of necrosis \[[@b15-medscimonit-26-e919739],[@b16-medscimonit-26-e919739]\]. Necrostatin-1 is a RIP inhibitor, which is studied in the fibrosis development in wild-type mice \[[@b14-medscimonit-26-e919739]\]. Literature has shown that necrostatin-1 often plays a protective role in peripheral nerve injury \[[@b17-medscimonit-26-e919739]\], osteoarthritis \[[@b18-medscimonit-26-e919739]\], and acute kidney injury \[[@b19-medscimonit-26-e919739]\]. In addition, necrostatin-1 can reduce lipopolysaccharide (LPS)-induced lung injury and acute respiratory distress syndrome by inhibiting necroptosis and inflammation \[[@b20-medscimonit-26-e919739],[@b21-medscimonit-26-e919739]\]. However, its role in IPF is not clear, especially its role in alleviating the pulmonary fibrosis and expression of extracellular matrix (ECM).

Therefore, we studied the effects of necrostatin-1 on proliferation of pulmonary fibroblasts, pulmonary fibrosis and expression of RIPKl, RIPK3, and ECM in the bleomycin (BLM)-induced interstitial pulmonary fibrosis.

Material and Methods
====================

Animal model
------------

Forty male C57BL/6N mice (6 to 8 weeks old, weighing 20 g) were obtained from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). Mice were fed with standard water and food in an environmentally controlled room (22±2°C, 12-hour light-12-hour dark cycle). Forty male C57BL/6N mice were divided into 4 groups (n=10) including control group, BLM-induced group, BLM-induced+dimethylsulfoxide (DMSO) group and BLM-induced+necrostatin-1 group. Mice in the BLM-induced group were induced by injecting 2 mg/kg BLM (Nippon Kayaku Co., Tokyo, Japan) into their tracheas with a single dose. One milligram of necrostatin-1 (Selleckchem, Houston, USA) was dissolved in 20 mL of 2% DMSO (Sigma, Saint Louis, MO, USA) as described in a previous study \[[@b22-medscimonit-26-e919739]\]. In the BLM-induced+necrostatin-1 group, mice were pretreated with intravenous injection of 1 mg/kg necrostatin-1 and then induced by BLM. In the BLM-induced+DMSO group, mice were pretreated with intravenous injection of equal volume of DMSO. The mice were euthanized with their lungs collected. Finally, all groups were sacrificed on day 28.

Cell culture and cell induction
-------------------------------

MRC-5 cells purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) were cultured in Dulbecco's Modified Eagle Medium (DMEM) high-sugar medium containing 100 mL/L fetal bovine serum (FBS), 100 IU/mL penicillin, and 100 μg/mL streptomycin at 37°C in the 50 mL/L CO~2~ incubator. The cells grew adherently and were passaged 1 time every 2 days. The MRC-5 cells grew to logarithmic stage were selected for the experiment. MRC-5 cells were exposed to 10 ng/mL TGF-β1 (transforming growth factor beta 1) for 48 hours and then treated with 20 μM necrostatin-1 for 24 hours, 48 hours, and 72 hours.

Quantitative real-time PCR (RT-qPCR) analysis
---------------------------------------------

The TRIzol method (Invitrogen) was used to extract the total RNA in lung tissues, and the RNA quality was then identified. The amount of RNA was used to synthesize the cDNA with SYBR Premix Ex TaqTM II (Takara, Dalian, China). RT-qPCR was performed with the synthesized RIPK1 and RIPK3 mRNA primers using SYBRON Premix ExTaq™ kit (Invitrogen). The primer sequences for qPCR were as follows:

1.  GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′, and

2.  reverse, 5′-GAAGATGGTGATGGGATTTC-3′;

3.  RIPK1 forward, 5′-TCAGCTCCTTGCCACCAACA-3′, and

4.  reverse, 5′-TCGTCCCACCAATCTCCATA-3′;

5.  RIPK3 forward, 5′-CCTCTCAGTCCACACTCCGA-3′, and

6.  reverse, 5′-TGACGCACCAGTAGGCCAT-3′.

The mRNA expression of RIPK1 and RIPK3 was detected with the 2^−ΔΔCt^ method. The expression level was normalized to GAPDH.

Western blot analysis
---------------------

Western blot analysis was conducted according to previous studies \[[@b23-medscimonit-26-e919739],[@b24-medscimonit-26-e919739]\]. The primary antibodies used were anti-RIPK1 (Abnova, Taiwan, China; MAB0836), anti-RIPK3 (Proteintech, Chicago, IL, USA; 17563-1-AP), anti-α smooth muscle actin (α-SMA) (Abcam, UK; ab32575), anti-collagen IV (Abcam, UK; ab214417), anti-collagen I (Abcam, UK; ab34710), anti-fibronectin (FN) (Abcam, UK; ab32419), anti- transforming growth factor-β (TGF-β) (Abcam, UK; ab92486). The denatured protein samples were subjected to 12% SDS-polyacrylamide gel electrophoresis (PAGE), and then transferred to polyvinylidene fluoride (PVDF) membrane. After the treatment of membranes with 5% non-fat dry milk overnight at 4°C, secondary antibodies were added to the membranes for another 2 hours at 25°C. GAPDH (Abcam, UK; ab181602) was applied to detect the relative protein expression.

Hematoxylin and eosin staining (H&E staining)
---------------------------------------------

The lung tissues of mice were fixed with 4% paraformaldehyde for 24 hours, then conventional paraffin embedding sections were performed. The lung sections of mice were stained with hematoxylin solution, counterstained with eosin solution, differentiated with hydrochloric acid alcohol, washed with running tap water, dehydrated with graded ethanol, vitrified by dimethylbenzene and sealed with neutral gum. Finally, the structure changes of lung tissues were observed by an inverted fluorescence microscope (MF53; Micro-shot Technology Co., Ltd., Guangzhou, China).

Masson staining
---------------

The collagen deposition was assessed by Masson staining. The lung sections of mice were stained with Masson dye according to the instructions. The collagen deposition in interstitial fibrous tissues was observed by an inverted fluorescence microscope (MF53; Micro-shot Technology Co., Ltd., Guangzhou).

Immunohistochemistry (IHC)
--------------------------

Immumohistochemical staining was performed to detect the positive expression of α-SMA in the lung tissues. The specific operation was conducted strictly in accordance with the introductions of α-SMA IHC kit (Shanghai Yansheng Industrial Co., Ltd., China). After immunohistochemical staining, the positive results were brown-yellow particles, which were observed by Image-Pro Plus6.0 analysis system.

Cell Counting Kit-8 (CCK-8) assay
---------------------------------

After induced by TGF-β1 and treated with necrostatin-1, MRC-5 cells were seeded in a 96-well plate, with each well containing 1×10^4^ cells. Five compound holes were set for each group. Each well of the 96-well plate was added with 10 μL CCK-8 solution, followed by another 4 hours of incubation. Finally, the OD~450~ value was determined by a Synergy™ 2 Multi-function Microplate Reader. The CCK-8 solution contained WST-8, which was reduced to a highly water-soluble yellow formazan dye by dehydrogenase in the cell mitochondria, and the amount of formazan was proportional to the number of living cells.

Statistical analysis
--------------------

SPSS 21.0 software was used for the analysis of experimental data and measurement data were expressed as the mean±standard deviation. One-way analysis of variance compared the differences among multiple groups with SNK-q test. The difference of experimental data was statistically significant when *P*\<0.05.

Results
=======

Necrostatin-1 reduced the expression of RIPK1 and RIPK3 in BLM-induced lung tissues
-----------------------------------------------------------------------------------

The protein expression and mRNA expression of RIPK1 and RIPK3 in lung tissues were shown in [Figure 1A and 1B](#f1-medscimonit-26-e919739){ref-type="fig"}. BLM induction promoted the expression of RIPK1 and RIPK3 in lung tissues of BLM induced mice. However, the expression of RIPK1 and RIPK3 in lung tissues of BLM induced mice treated by necrostatin-1 was obviously decreased compared with BLM induced group and DMSO treatment group.

Necrostatin-1 alleviated pathological changes and collagen deposition in lung tissues induced by BLM
----------------------------------------------------------------------------------------------------

The pathological changes of lung tissue are shown in [Figure 2A](#f2-medscimonit-26-e919739){ref-type="fig"}. The lung tissues in the control group showed that the structure of lung tissue was clear, and the alveolar septum was not thickened. Also, there was no inflammation and edema in lung tissue. But, the lung tissues in the BLM-induced model group showed that the alveolar structure was destroyed with thickened alveolar septum and exfoliated epithelial cells, inflammatory exudation and pulmonary interstitial congestion was observed in the alveolar cavities. The condition of collagen deposition in lung tissues was shown in [Figure 2B](#f2-medscimonit-26-e919739){ref-type="fig"}. The lung tissues in the control group showed no or very few thin filamentous fiber deposition, while lung tissues in the BLM-induced model group showed large amount of blue fiber deposition. However, the lung tissues in necrostatin-1 treated model group showed that the degree of pulmonary interstitial congestion, inflammatory cell infiltration, and collagen deposition was significantly decreased.

Necrostatin-1 decreased the ECM expression in lung tissues induced by BLM
-------------------------------------------------------------------------

The ECM expression in lung tissues was determined by immunohistochemistry and western blot analysis. BLM expression was represented as the brown-yellow particles in IHC and the result indicated that BLM induction promoted the expression of α-SMA in mice lung tissues and necrostatin-1 effectively suppressed the expression of α-SMA in BLM induced mice ([Figure 3A](#f3-medscimonit-26-e919739){ref-type="fig"}). As shown in [Figure 3B](#f3-medscimonit-26-e919739){ref-type="fig"}, the expression of ECM (α-SMA, collagen IV, collagen I, FN, and TGF-β) was increased in BLM-induced lung tissues and necrostatin-1 obviously decreased the ECM expression. The ECM expression was closely related to the fibrosis.

Necrostatin-1 decreased the ECM expression in pulmonary fibroblasts induced by TGF-β1
-------------------------------------------------------------------------------------

The expression of collagen and ECM is shown in [Figure 4](#f4-medscimonit-26-e919739){ref-type="fig"}. Necrostatin-1 decreased the expression of α-SMA, collagen IV, collagen I, and FN in MRC-5 cells while TGF-β1 promoted the aforementioned proteins expression in MRC-5 cells. After MRC-5 cells induced by TGF-β1, necrostatin-1 treatment could effectively downregulate the aforementioned proteins expression in TGF-β1 induced MRC-5 cells, but the expression level of the aforementioned proteins was still higher than that in the control group. Therefore, necrostatin-1 decreases the ECM expression in MRC-5 cells induced by TGF-β1.

Necrostatin-1 inhibited the proliferation of pulmonary fibroblasts induced by TGF-β1
------------------------------------------------------------------------------------

The viability of MRC-5 cells was decreased when MRC-5 cells were treated with necrostatin-1, while increased when MRC-5 cells were treated with TGF-β1. After MRC-5 cells induced by TGF-β1, necrostatin-1 could effectively suppress the viability of TGF-β1 induced MRC-5 cells but the cell viability was still lower than that in the control group ([Figure 5](#f5-medscimonit-26-e919739){ref-type="fig"}). Therefore, necrostatin-1 inhibits the proliferation of MRC-5 cells induced by TGF-β1.

Necrostatin-1 decreased the expression of RIPK1 and RIPK3 in pulmonary fibroblasts induced by TGF-β1
----------------------------------------------------------------------------------------------------

As shown in [Figure 6](#f6-medscimonit-26-e919739){ref-type="fig"}, the expression of RIPK1 and RIPK3 was obviously decreased in MRC-5 cells treated with necrostatin-1 while TGF-β1 could upregulate the aforementioned proteins expression in MRC-5 cells. After MRC-5 cells induced by TGF-β1, necrostatin-1 effectively down-regulate the expression of RIPK1 and RIPK3 in TGF-β1 induced MRC-5 cells.

Discussion
==========

IPF has been a serious threat to human health. In recent years, studies have found that the incidence of pulmonary fibrosis is increasing \[[@b25-medscimonit-26-e919739]\]. The IPF model for this study was performed by transtracheal injection of BLM for mice. And, MRC-5 cells induced by TGF-β1 simulated the IPF model *in vitro*. This study indicated that necrostatin-1 could effectively reduce the expression of RIPK and RIPK3 in lung tissues, improve the lung structure, decrease collagen deposition and ECM expression in IPF animal model. And, necrostatin-1 also decreased cell viability and suppressed the expression of RIPK, RIPK3, α-SMA, collagen IV, collagen I, and FN in TGF-β induced MRC-5 cells.

BLM is currently recognized as a pulmonary fibrosis drug in the world. Experiments showed that BLM could damage the pulmonary tissue of rats, widen alveolar septum and cause a large number of inflammatory cells infiltration, fibroblasts proliferation and obviously increased expression of collagen-I and α-SMA \[[@b26-medscimonit-26-e919739],[@b27-medscimonit-26-e919739]\]. Necrostatin-1 has anti-fibrosis effect. Previous study indicated that necrostatin-1 could significantly inhibit myocardial fibrosis response and improve cardiac function in rats with chronic myocardial ischemia and showed good effects on myocardial protection \[[@b28-medscimonit-26-e919739]\]. Necrostatin-1 could also protect against the lung injury by reducing the inflammation \[[@b20-medscimonit-26-e919739],[@b21-medscimonit-26-e919739],[@b29-medscimonit-26-e919739]\]. RIPK1 and RIPK3 are the necrosis markers which increased in inflammation related diseases and necrosis death \[[@b30-medscimonit-26-e919739]\]. RIPK1 activates the necroptotic kinase cascade by RIPK3 phosphorylation \[[@b31-medscimonit-26-e919739]\]. RIPK1 kinase activity is vital to the activation of necroptosis and necrostatin-1 can inhibit the necroptosis \[[@b16-medscimonit-26-e919739]\]. Study demonstrated that irregular necroptosis could lead to tissue fibrosis \[[@b32-medscimonit-26-e919739]\]. In the present study, the expression of RIPK1 and RIPK3 was increased in lung tissues of BLM-induced mice. Therefore, necrostatin-1, as RIP1 inhibitor, suppressed the expression of RIPK1 and RIPK3 in lung tissues and effectively decrease the inflammatory cells infiltration and collagen deposition and improve lung fibrosis.

The typical characteristics of IPF are that a large number of fibroblasts are accumulated in lung tissues and the ECM is deposited with inflammatory cell infiltration. Excessive proliferation of fibroblasts is the main cause of ECM aggregation \[[@b33-medscimonit-26-e919739]\]. EMT is related to injury healing, tissue regeneration and organ fibrosis \[[@b34-medscimonit-26-e919739]\]. If the inflammation continuously stimulates the injury, epithelial mesenchymal transition (EMT) will exist persistently to produce excessive extracellular matrix (ECM), thereby leading to organ fibrosis \[[@b35-medscimonit-26-e919739]\]. Hepatocytes promote the occurrence of liver fibrosis through EMT \[[@b36-medscimonit-26-e919739]--[@b38-medscimonit-26-e919739]\]. EMT in hepatocytes is manifested by decreased expression of epithelial markers such as e-cadherin and increased expression of interstitial markers such as α-SMA \[[@b39-medscimonit-26-e919739]\]. TGF-β is the most important cytokine in the development of pulmonary fibrosis \[[@b40-medscimonit-26-e919739]\]. Shen et al. \[[@b41-medscimonit-26-e919739]\] demonstrated that myocardial fibrosis in rats was related to the inhibition of TGF-β signaling pathway. TGF-β could promote ECM-producing cells to express α-SMA and make ECM-producing cells converted to myofibroblast (MFB) \[[@b42-medscimonit-26-e919739]--[@b44-medscimonit-26-e919739]\]. As one of the most important fibrogenic cytokines, TGF-β1 could increase the mRNA expression of collagen I in cardiac fibroblast to upregulate the expression of collagen I \[[@b45-medscimonit-26-e919739],[@b46-medscimonit-26-e919739]\]. The late changes in EMC of IPF presented that collagen IV expression was increased on alveolar epithelium and capillary basement membrane and distributed in the lung interstitium full of collagen, which indicating that collagen IV was closely related to the IPF development \[[@b47-medscimonit-26-e919739]\]. FN is not only the component of ECM protein, but also a scaffold for deposition of other extracellular proteins. It is also a chemotactic factor of fibroblasts. Reducing the synthesis of FN and increasing the degradation of FN are of importance for preventing the formation of renal tubule-interstitial fibrosis \[[@b48-medscimonit-26-e919739]\]. In the interstitial fibrosis, it was found that the deposition and increase of FN. The FN expression was not obvious in the kidney, but it increased in renal interstitial lesions \[[@b49-medscimonit-26-e919739]\]. This shows that α-SMA, collagen IV, collagen I, FN, and TGF-β are functioned in the development of organ fibrosis. In this study, the expression of α-SMA, collagen IV, collagen I, FN, and TGF-β was increased in lung tissues of BLM induced mice and the expression of α-SMA, collagen IV, collagen I and FN was increased in TGF-β1 induced MRC-5 cells. Necrostatin-1 alleviated the fibrosis in the lung tissues, inhibited the proliferation of MRC-5 cells and decreased the expression of RIPK1, RIPK3, α-SMA, collagen IV, collagen I, FN, and TGF-β.

Conclusions
===========

In conclusion, we demonstrated that the degree of pulmonary fibrosis and ECM expression was reduced by necrostatin-1 in BLM-induced mice and necrostatin-1 could also inhibit the proliferation of MRC-5 cells induced by TGF-β1. Therefore, necrostatin-1 could be a new effective drug for the treatment of IPF. However, this study had some limitations. The effective dose of necrostatin-1 was taken as only one value. In further studies, the gradient values of necrostatin-1 should be used for the treatment of BLM-induced mice. Thus, the dose of necrostatin-1 that can produce side effects on BLM-induced mice should be investigated.
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![Necrostatin-1 reduces the expression of RIPK1 and RIPK3 in BLM-induced lung tissues. (**A**) The protein expression of RIPK1 and RIPK3 in lung tissues detected by western blot analysis. \*\* *P*\<0.01 and \*\*\* *P*\<0.001 versus control group. ^\#^ *P*\<0.05 versus BML-induced group. ^@^ *P*\<0.05 versus BML-induced+DMSO group. (**B**) The mRNA expression of RIPK1 and RIPK3 in lung tissues detected by RT-qPCR analysis. \* *P*\<0.05, \*\* *P*\<0.01 and \*\*\* *P*\<0.001 versus control group. ^\#\#\#^ *P*\<0.001 versus BML-induced group. ^@@@^ *P*\<0.001 versus BML-induced+DMSO group. RIPK1 -- receptor-interacting protein kinase-1; RIPK3 -- receptor-interacting protein kinase-3; BLM -- bleomycin; DMSO -- dimethylsulfoxide; RT-qPCR -- real-time quantitative polymerase chain reaction.](medscimonit-26-e919739-g001){#f1-medscimonit-26-e919739}

![Necrostatin-1 alleviates pathological changes and collagen deposition in lung tissues induced by BLM. (**A**) The pathological changes of lung tissue observed after H&E staining. (**B**) The lung organization fibrosis degree observed after Masson staining. BLM -- bleomycin; H&E -- hematoxylin and eosin.](medscimonit-26-e919739-g002){#f2-medscimonit-26-e919739}

![Necrostatin-1 decreases the ECM expression in lung tissues induced by BLM. (**A**) The expression of α-SMA in lung tissues detected by immunohistochemistry. (**B**) The expression of α-SMA, collagen IV, collagen I, FN, and TGF-β in lung tissues detected by western blot analysis. \*\* *P*\<0.01 and \*\*\* *P*\<0.001 versus control group. ^\#^ *P*\<0.05 and ^\#\#^ *P*\<0.01 versus BML-induced group. ^@^ *P*\<0.05 and ^@@^ *P*\<0.01 versus BML-induced+DMSO group. ECM -- extracellular matrix; BLM -- bleomycin; α-SMA -- smooth muscle actin; FN -- fibronectin; TGF-β1 -- transforming growth factor beta 1.](medscimonit-26-e919739-g003){#f3-medscimonit-26-e919739}

![Necrostatin-1 decreases the ECM expression in pulmonary fibroblasts induced by TGF-β1. The expression of α-SMA, collagen IV, collagen I, and FN in lung tissues detected by western blot analysis. \* *P*\<0.05, \*\* *P*\<0.01 and \*\*\* *P*\<0.001 versus control group. ^\#\#\#^ *P*\<0.001 versus necrostatin-1 group. ^@^ *P*\<0.05 versus TGF-β1 group. ECM -- extracellular matrix; TGF-β1 -- transforming growth factor beta 1; α-SMA -- smooth muscle actin; FN -- fibronectin.](medscimonit-26-e919739-g004){#f4-medscimonit-26-e919739}

![Necrostatin-1 inhibits the proliferation of pulmonary fibroblasts induced by TGF-β1. The cell viability detected by CCK-8 assay. \* *P*\<0.05 versus control group. ^\#\#\#^ *P*\<0.001 versus necrostatin-1 group. ^@@@^ *P*\<0.001 versus TGF-β1 group. TGF-β1 -- transforming growth factor beta 1; CCK-8 -- Cell Counting Kit-8.](medscimonit-26-e919739-g005){#f5-medscimonit-26-e919739}

![Necrostatin-1 decreases the expression of RIPK1 and RIPK3 in pulmonary fibroblasts induced by TGF-β1. The expression of RIPK1 and RIPK3 in lung tissues detected by western blot analysis. \*\* *P*\<0.01 and \*\*\* *P*\<0.001 versus control group. ^\#\#\#^ *P*\<0.001 versus necrostatin-1 group. ^@^ *P*\<0.05 and ^@@^ *P*\<0.01 versus TGF-β1 group. RIPK1 -- receptor-interacting protein kinase-1; RIPK3 -- receptor-interacting protein kinase-3; TGF-β1 -- transforming growth factor beta 1.](medscimonit-26-e919739-g006){#f6-medscimonit-26-e919739}
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